Balanced nutrient supply is important for the sustainable crop production. We evaluated the effects of nutrient management practices on soil properties and crop yields in rice (Oryza sativa L.) -rice -wheat (Triticum aestivum L.) system in a long-term experiment established at National Wheat Research Program (NWRP), Bhairahawa, Nepal. The experiment was designed as a randomized complete block experiment with nine treatments and three replications. Treatments were applied as: T1-no nutrients added, T2-N added; T3-N and P added; T4-N and K added; T5-NPK added at recommended rate for all crops. Similarly, T6-only N added in rice and NPK in wheat at recommended rate; T7-half N; T8-half NP of recommended rate for both crops; and T9-farmyard manure (FYM) @10 Mg ha -1 for all crops in rotation. Results of the study revealed that rice and wheat yields were significantly greater under FYM than all other treatments. Treatments that did not receive P (T2, T3, T7, T8) and K (T2, T4) had considerably low wheat yield than treatments that received NPK (T5) and FYM (T9). The FYM lowered soil pH and improved soil organic matter (SOM), total nitrogen (TN), available phosphorus (P), and exchangeable potassium (K) contents than other treatments. Management practices that ensure nutrient supply can increase crop yield and improve soil fertility status.
Introduction
Sustainable high yields of crops can support food security of the rapidly growing population (Palm et al., 2014) . Need of increase in food production is more important in South Asia than other regions of the world because of the high population growth in the region (Yao et al., 2008) . More than 90% of rice is produced and consumed in Asia. Continuous rice cropping, rice-wheat rotation, and rainfed mixed farming that includes upland rice production occupies approximately 56% of the cultivated land in South Asia and more than 13 million ha of Indogangatic plains of Nepal and India (Wassmann et al., 2004) . In Nepal, rice and wheat supplies more than 75% of the country's total food demand (NARC, 2014) . Terai region that stretches east to west in southern Nepal is the rice and wheat production pocket for Nepal. However, the main constraints in rice and wheat production include low soil fertility status and the lack of resources for improving the fertility status (Nambiar, 1994; Adhikari et al., 1999; Regmi et al., 2002; Ladha et al., 2003) . Improved understanding for the soil-fertility management practices, their impacts on SOM, nutrients contents, and crop yield can help producers to increase food production and improve the sustainability of agriculture in South Asia (Majumder et al., 2008; Ghimire et al., 2012) .
Studies revealed several alternative ways to improve SOM sequestration and increase crop yields. Balanced nutrient supply through chemical and organic sources can improve SOM accumulation and increase crop yield in low fertility environments of South Asia (Yadav et al., 2000; Regmi et al., 2002) . A study in a rice-wheat system in Parwanipur, Nepal revealed that treatments receiving organic sources of nutrients increased SOM by 18% to 62% compared with the NPK treatment (Gami et al., 2000) . From a 19-year ricewheat cropping systems study in India, Majumder et al. (2008) indicated that application of NPK and organic amendments (FYM, straw, and green manure) could increase SOC by 24%. However, there is no consistent trend in yields of major crops with reference to increase in SOC accumulation and other nutrients (Regmi et al., 2002) .
Improved fertility status could support sustainable crop production. Long-term experiments have significantly contributed to our understanding of soil fertility
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Materials and Methods

Study Site and Treatments
. Plot size for the individual treatment is of 4 m × 3 m. Three crops, spring rice, summer rice, and wheat are grown in a year. All fertilizers are applied as per the recommendations set by Nepal Agriculture Research Council at the beginning of the experiment (Table 1 ). All the P fertilizer as [NH4]2HPO4 and K fertilizer as KCl are applied on the day of planting wheat and a week after transplanting of rice. Nitrogen fertilizer is applied in two splits, 50% as [NH4]2HPO4 and NH2CONH2 at the time of planting, and 50% as NH2CONH2 after 25-30 days of planting wheat/transplanting rice. Farmyard manure (20 g kg -1 N, 4.5 g kg -1 P, and 10 g kg -1 K, dry weight equivalent) is applied a week before planting wheat and transplanting rice.
Spring rice was planted in the second week of April, which was harvested in July, summer rice was planted in the last week of July and harvested in the first week of November, and Wheat is plated in the third week of November and harvested in March of the following year. Rice seedlings were grown in a nursery for three weeks, and two seedlings were transplanted at 20 cm × 20 cm spacing. Wheat was sown by hand in rows at 25 cm with the seed rate of 120 kg ha -1 in 2-3 cm depth. Farmyard manure was applied at 7-10 days before rice planting or wheat showing. Cultivars of rice and wheat, as well as crop and irrigation management detail, has been reported previously (Regmi, 1994; Regmi et al., 2002) . Continuous submergence of rice seedling with 3-5 cm water height was maintained throughout the growing season. Plots were drained 2-3 weeks before rice harvest. In wheat, three irrigations were given at crown root initiation (21 DAS), maximum tillering (55 DAS), and flowering (85 DAS) stages. Weeds were controlled by hand weeding, and other plant protection measures were applied as needed.
Crop Yield Measurement, Soil Sampling and Laboratory Analysis
Grain yield was estimated by harvesting 6 m 2 areas in each plot using rice knives. Crop grain and straw was separated using plot thresher, grains were cleaned, and dried to approximately 12-13% moisture, and weighed for yield estimation. Grain yield was also measured from the whole plot in both crops at maturity and was adjusted to 14% and 12% for rice and wheat, respectively. Straw was removed from the field after threshing.
Soil samples were collected from 0-15 cm depth of three sampling spots at each treatment using a 7-cm diameter soil auger. Samples were collected after harvesting wheat on April 2014. Soils collected from different sampling spots within a plot were mixed thoroughly, and brought to the laboratory for analyses. In the laboratory, soil samples were air dried for a week and sieved through a 2 mm sieve. Soil pH was determined by the method of Dewis and Freitos (1970) by electrodes in 1:2 (soil-water) solution. Soil organic matter content was determined by the method of Walkley and Black (Nelson and Sommers, 1982) . Total N was estimated by Kjeldhal's digestion method of Bremner and Mulvaney (1982) . Available P was determined by modified Olsen method (Olsen and Sommers, 1982) . Exchangeable K was determined in a 1M ammonium acetate extracts by using a flame photometer (Knudsen et al., 1982) .
Statistical Analysis
Data for SOM, nutrients, as well as crop yield in 2014, were tested for normality and homogeneity of variance. All the data were analyzed using a Randomized Complete Block Design procedure in MSTATC (Steel and Torrie, 1980 
Results and discussion
Crop Yield
Grain yields of rice and wheat in rice-rice-wheat system were influenced by soil fertility treatments ( wheat, which were significantly greater than rice and wheat yields in other treatments. The control plot with an indigenous nutrient supply only supported summer rice, wheat, and spring rice yields of 563, 447 and 267 kg ha -1 respectively after 36 years under the rice-rice-wheat system. This result corroborates with many other studies that suggested low productivity of the rice-wheat system attributable to decline in nutrient availability or nutrient imbalances because of the inappropriate fertilization practice (Timsina and Connor, 2001; Bhandari et al., 2002) . Low SOM content and crop yield in rice-wheat systems with the long-term use of recommended dose of NPK was also observed in some field studies potentially due to unavailability of other essential nutrients (Nambiar 1994; Abroal et al., 2000; Yadav et al., 2000) . 384.5 †T1 = no added nutrients; T2 = N only application; T3 = N and P application; T4 = N and K application; T5 = NPK (recommended rate); T6 = N only in rice and NPK in wheat (recommended practice); T7 = 1/2 N of recommended practice; T8 = half NP; T9 = farmyard manure (10 Mg ha -1 for each crop). Different letters within a row indicate significant difference between treatments at P = 0.05. ‡30 cm stubble incorporation from each crop.
Analysis of yield trend revealed a severe decline in yield of all crops in treatments T2 and T4. Grain yield was nearly zero in spring rice, indicating severe P deficiency in T2 (Fig.  1) . Yield trend of NK treatment (T4) was similar to the trend in control treatment. In both treatments in which P was included (T3 and T5) and FYM applied (T9), grain yield declined until 2008/09 and slightly increased after. This trend was possibly due to changes in P dynamics (sorption and desorption of P) in soils. Fertilizer treatments had less distinct influence in the yields of summer rice than the yields of spring rice. Yield trend of summer rice in NK treatment (T4) was also similar to the yield trend in control treatment (Fig. 2) suggesting an important role of P nutrition both for spring and summer rice. We also noted significant differences in yields of NPK and NP treatments. Although the largest yield was produced in the recommended dose of NPK and FYM application, neither the recommended dose of NPK nor FYM could sustain long-term production of rice crops in this system. Nambiar and Abrol (1989) reported a declining trend of rice and wheat yield with an inadequate amount of nutrients, mainly NPK. The importance of N to maintain yield has been reported in many studies (Regmi, 1994; Bhandari et al., 2002) ). Studies also reveal the important role of soil P and K for maintaining rice and wheat yields (Hobbs and Morris, 1996; Regmi et al., 2002) . Wheat yield was significantly greater in T9 and T5 than in other treatments. There was fluctuation in grain yield of wheat, which could be due to a year to year variation in rainfall and other climatic variables during crop growing period. The data revealed that the grain yield of wheat was significantly higher from the application of FYM (T9) followed by recommended fertilizer dose (T5). Grain yield of wheat in T5 (recommended dose in both rice and wheat) was higher than in T6 (recommended dose in wheat only). This suggests the need for applying recommended dose of NPK in rice and wheat for obtaining higher yield in a ricerice -wheat system. Similarly, significant differences in grain yield were observed between NPK and NP treatments, which suggest importance of K for rice and wheat production in this area. Yield trends of wheat for N treatment (T2), NK treatment (T4) and NP treatment (T3) were similar to the control (no-fertilizer) treatment (Fig. 3) . In fact, there was very low grain yield in all no P treatments (T1, T2, T4, and T7), which signifies the importance of P for rice and wheat production in this area. T3, T4, T6 on wheat yield. T1 = no added nutrients; T2 = N only application; T3 = N and P application; T4 = N and K application; T5 = NPK (recommended rate); T6 = N only in rice and NPK in wheat (recommended practice); T9 = farmyard manure (10 Mg ha -1 for each crop). Overall, the yields of all three crops in this experiment showed declining trends. Decline in rice and wheat yields in plots that do not receive balanced nutrition is expected because these plots gradually deplete soil nutrient reservoir and influence the nutrient balance in the soils. A decline in crop yield in the plots that received full doses of inorganic (NPK) nutrients or FYM may suggest the need for revisiting the national nutrient recommendation to meet high yield potential of emerging crop varieties. This also warrants need of additional research to find factors controlling crop production in rice-rice-wheat system of Nepal. Declining trend of yields even with adequate NPK or FYM are potentially because of the declining indigenous supply of nutrients under intensive cropping system and inadequate nutrient supply to meet the crop requirement (Nambier and Abrol, 1989; Ghimire et al., 2012; Paudel et al., 2014) .
Crop yield data in the treatment without P and K clearly suggested that soil P and K supply were limiting crop yields. Yields of both rice crops dropped when P was omitted, but two rice crops responded differently with P deficiency, indicating differences in P availability during spring and summer. It appears that insufficient application of K primarily limited yield in both NPK and FYM treatments.
Potassium adsorption isotherm study demonstrated that soil from the FYM treatment had significantly higher K sorption capacity than the soil from NPK treatment (Regmi, 1994) .
Soil Fertility Status
There was a significant effect of FYM and fertilizer NPK on soil pH, SOM, soil N, available P, and exchangeable K contents. Soil pH was lower in T9 (7.87) from the application of FYM as compared to other treatments. Application of FYM also maintained significantly higher SOM (91.9 Mg ha -1 ) in T9 than other treatments. This SOM content was at least four times more than SOM at the time the experiment was established. The lowest SOM content was observed in control treatment (28.5 Mg ha -1 ) (Table 3) . Similarly, the highest soil N content was observed in T9 (3.54 Mg ha -1
) and the lowest in control treatment (1.70 Mg ha -1 ). This finding corroborates with observations of Bhattacharyya et al. (2013) from a rice-rice cropping systems experiment in which application of FYM resulted in higher nutrients pools than other treatments in a longterm study in India. Huang et al. (2009) reported greater soil N content under organic manure than under inorganic fertilizers application. 126 †T1 = no added nutrients; T2 = N only application; T3 = N and P application; T4 = N and K application; T5 = NPK (recommended rate); T6 = N only in rice and NPK in wheat (recommended practice); T7 = 1/2 N of recommended practice; T8 = half NP; T9 = farmyard manure (10 Mg ha -1 for each crop). SOM, N, P and K stand for soil organic matter, nitrogen, phosphorus, and potassium. Different letters within a row indicate significant difference between treatments at P = 0.05. ‡30 cm stubble incorporation from each crop.
At the end of 36 years, the highest soil available phosphorus (503.7 kgha -1 ) was observed in T9 and the lowest available soil phosphorus (11.5 kgha -1 ) in the control plot. Soil exchangeable K was also significantly higher in T9 (137.7 kgha -1 ) with the application of FYM. Soil fertility is not sustained from the NPK fertilizer application alone while application of FYM boosted the crop yield and improved the soil quality (Kumar and Tripathi, 1990) . Declining yield trend at lower N level over the years may indicate the diminishing reservoir of nutrients in the soil (Regmi et al., 2002) . Imbalanced fertilizer application can lead to nutrient deficiency of macro and micronutrients. Even balanced application of macronutrients devoid of micronutrients or organic materials can deteriorate soil physical, chemical and biological environment and micronutrient deficiency leading to low crop yields (Singh et al., 2014) . In rice-wheat experiments, the SOM is reported to declines over time when conservation practices are not adopted (Regmi et al., 2002; Majumder et al., 2008) . Studies also suggest changes in the chemical composition of SOM that influences N supply to the plants (Olk et al., 1996; Bronson and Hobbs, 1998) .
Correlation analysis of yield data with soil properties revealed strong relationship among soil properties and crop yield (Table 4) . Crop yields increased with a decrease in soil pH and increased with increase in SOM, N and P contents. There was no significant relationship between soil K and crop yields of rice and wheat. 
Conclusion
We studied the yields of rice and wheat during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] and soil properties in 2014 in a long-term rice-rice-wheat system experiment. The control plot with an indigenous nutrient supply only supported the grain yield of 563 kg ha -1 , 267 kg ha -1 , and 447 kg ha -1 in summer rice, spring rice, and wheat respectively after 36-years of the rice-rice-wheat system and suggested depletion indigenous supply of essential nutrients. Depletion in soil fertility and inadequate fertilization, specifically P and K, caused low rice and wheat yield. Long-term FYM application can improve SOM, TN, available P, and exchangeable K contents compared to the nutrient status of other treatments. A fertilizer management strategy that ensures sufficient nutrient supply for high and stable overall productivity of rice-rice-wheat system is needed.
